The far infrared ͑FIR͒ spectra of various isotopic species of ethanol ͑-h 6 , -d 1 , and -d 3 ͒ are analyzed from MP4͑͑SDQT͒ ab initio calculations using models in one and two dimensions. From the calculated frequencies and intensities, previous assignments of ethanol-h 6 and -d 1 bands are reviewed. The position of several combination bands are predicted. Ethanol shows two conformers, trans and gauche, and two interacting torsional modes. The torsional barriers have been calculated to be V 3
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The far infrared ͑FIR͒ spectra of various isotopic species of ethanol ͑-h 6 , -d 1 , and -d 3 ͒ are analyzed from MP4͑͑SDQT͒ ab initio calculations using models in one and two dimensions. From the calculated frequencies and intensities, previous assignments of ethanol-h 6 , V OH (␣ϭ62°)ϭ404.1 cm Ϫ1 , and V OH (␣ ϭ180°)ϭ423.3 cm Ϫ1 . The flexible models in one and two dimensions yields the same OH torsional frequencies, whereas they differ in the methyl group state calculations. The fundamental bands of the ethanol-h 6 
I. INTRODUCTION
Ethanol is a well known molecule of chemical and astrophysical interest. Relatively large proportions of the isolated molecule have been detected in the interstellar clouds. The vibrational and rotational spectra have been recorded in gas phase, in nitrogen and argon matrices, and in condensed phases. Several effects that display special concern make it difficult for the far infrared ͑FIR͒ spectra interpretation. Two interacting torsional modes lay below 300 cm Ϫ1 and confer nonrigidity to the molecule. At relatively high pressures, ethanol has the tendency of forming dimers and polymers with additional bands arising from the hydrogen bonds, which can be detected in an argon matrix. 4, 16, 19 They lay below 200 cm Ϫ1 close to the torsions making the assignments arduous. Their rigorous analysis is of interest for knowledge of the properties of the condensed phases of ethanol, 17 because large isotopic effects for the excess contributions to the specific heat of the disordered phases have clear correlates in the low-frequencies spectra. The crystal packing shows hydrogen bonding where the molecules are linked forming infinite chains. 17 At the electronic ground state, ethanol shows two stable conformers, trans and cis-gauche that are almost isoenergetic and interconvert by the torsion of the hydroxyl group. [25] [26] [27] The three OH minima and the three equivalent ones of the methyl internal rotation design ''an egg box'' potential energy surface with nine minima that are almost equivalent and separated by relatively low barriers. As a result, each vibrational level splits onto nine subcomponents. Both torsional motions are perpendicular vibrations and provide type-c IR bands with prominent Q-branches.
Recently, Durig and Larssen 11 have analyzed the torsional spectra using two different one-dimensional models for each torsional mode. They have consider the two torsions as independent. From the experimental fundamental frequencies and overtones, they calculated the torsional barriers to be 402.8 cm Ϫ1 ͑trans-gauche͒, 364.3 cm Ϫ1 ͑gauche-trans͒, 399.1 cm Ϫ1 ͑gauche-gauche͒, 1185 cm Ϫ1 ͑methyl group barrier at the trans-conformer͒, and 1251 cm Ϫ1 ͑methyl group barrier at the gauche-conformer͒. The energy difference between the two conformers has been determined to be 45 cm Ϫ1 from the infrared data 11 which is in a good agreement with the value of 39.2 cm Ϫ1 obtained from the millimeter wave-spectrum. 13 All the potential parameters in Ref. 11 are calculated assuming that both vibrational modes were independent.
However, recently, we have performed a harmonic analysis of the monomers and dimers of ethanol where the two internal coordinates seem to interact strongly. 24 The numerical results for both torsional modes are not acceptable for a proper spectra assignments, nevertheless it is evident that the coupling between them is stronger that found in similar molecules. Two normal vibrations appear at 305.5 cm Ϫ1 and 250.4 cm Ϫ1 and represent a mixture of the two torsional internal coordinates. The weight of each coordinate in the normal mode fluctuates between 40% and 60%. The a͒ Author to whom correspondence should be addressed. Electronic mail: imtls2c@pinar2.csic.es contribution of the methyl to the mode at 250.4 cm Ϫ1 is slightly larger than that of the OH torsion, whereas it is smaller for the mode at 305.5 cm Ϫ1 . This study has been done with a model for semirigid molecules which represents a more suitable first approximation for the methyl torsion than for the OH one taking into account the barriers heights. In order to clarify how strong these dependencies are a rigorous study is necessary in a two-dimensional model for nonrigid molecules to be able to describe the interactions between torsional coordinates and torsional motions hindered by low barriers. 28, 29 In this paper, we analyze the FIR spectrum of several isotopic species of ethanol, CH 3 CH 2 OH ͑ethanol-h 6 ͒, CH 3 CH 2 OD ͑ethanol-d 1 ͒, and CD 3 CH 2 OH ͑ethanol-d 3 ͒, using ab initio calculations with full optimization of the geometry. As they contribute to the analysis, the levels of CD 3 CD 2 OD ͑ethanol-d 6 ͒ and CH 3 CD 2 OH ͑ethanol-d 2 ͒ are also evaluated. The torsional levels are determined variationally with one-dimensional and two-dimensional models results of which are compared. From the dipole moment variation, the absolute intensities of the bands are determined. We discuss previous assignments from the determination of the intensities of the bands.
II. THEORY
In this paper, the two torsional modes of ethanol are considered independently from the remaining coordinates. The roto-vibrational Hamiltonian, which is written as the sum of three terms, 29 HϭH V ϩH rot ϩH VR ͑1͒
is specified in terms of internal coordinates. H V , H rot , and H VR are the vibrational ͑torsional͒ Hamiltonian, the pure rotational Hamiltonian and the roto-torsional operators. The two variables and ␣ are defined as functions of the two dihedral angles HOC 2 C 1 and HC 1 C 2 O ͑ϭ180°, ϽHC 1 C 2 O and ␣ϭ180°, HOC 2 C 1 ͒. For Jϭ0, the roto-vibrational operator coincides to H V that can be written as
where V represents the potential energy surface and VЈ is the pseudopotential given by
͑3͒
In these equations, g is the determinant of the G Ϫ1 matrix. 29 As a flexible model is employed, the 3N-8 remaining coordinates are allowed to be relaxed during the variation of and ␣. They can be expressed as functions of the independent coordinates,
The trial function employed for the variational calculations of the torsional levels, are solutions of the free rotor ͑for the one-dimensional calculations͒ or solutions of the double free rotor ͑for the two-dimensional calculation͒.
The intensities of the transition between the i and j states are determined with the equation, 30 Iϭ q
where i and j represent two connected states. R is the radius of the rotor, Bϭ(B 11 ϫB 22 )
, ␥ are the dipole moment components, and P K represents the Bolzmann population. is the frequency and q is the nuclear statistical weight.
III. SYMMETRY
The most stable structure of ethanol may be classified according to the C s symmetry point group and the G 6 fullnon-rigid group which is identical to the restricted-non-rigidgroup. The character table is shown in Appendix A. The group is defined by the semidirect product, 31 ,32
The two subgroups C and V I contain the operations,
where E and C 3 are the identity and the threefold rotation. V is the double switch operator,
The Hamiltonian has to be totally symmetric, therefore the analytic form for the potential and the pseudopotential may be the symmetry adapted Fourier series, Appendix B shows the symmetry eigenvectors which can be obtained by applying the projection operator on the trial function to be employed in the variational calculations.
In the case of ethanol, the statistical weights are 2:1 for the A and E representations for the species ethanol and ethanol-d 1 , and it is 11:8 for A and E for ethanol-d 3 . 33 For the nondegenerate representations of the three isotopic varieties, q is taken equal to 1, 1, and 0.815. For the E the weights are multiplied by two and q is taken equal to 1, 1, and 1.186.
IV. COMPUTATIONAL DETAILS
The potential energy surface and the kinetic parameters of the Hamiltonian have been determined from ab initio calculations performed with the GAUSSIAN 94 program. 34 The calculations have been achieved with the Dunning correlation consistent triple zeta basis set 35 and the Möller-Plesset perturbation theory up to the four order ͑MP4͒. All the electrons have been correlated incorporating double, triples and quartic substitutions ͑MP4͑SDQT, full͒͒. The geometry has been fully optimized at the MP2͑full͒/cc-pVTZ level. The convergence criteria of the gradient has been taken equal to 10 Ϫ6 . A basis set containing diffuse functions has been employed for the computations of the electric properties.
The kinetic parameters have been computed from the optimized geometries with the KNP.F program. 36 The band positions and the intensities have been calculated with the programs UNADIM.f and BIDIM.f that incorporate symmetry conditions.
V. RESULTS AND DISCUSSION
In the electronic ground state, ethanol exhibits one conformer trans at ␣ϭ0°and a double minimum cis-gauche at 120.159°and Ϫ120.159°͑see Fig. 1͒ . They may be classified in the C s , C 1 , and C 1 point groups. Table I shows the MP2͑full͒/cc-pVTZ structural parameters. In accordance with the microwave measurements, 5 the bending angle O3C2C1 is the internal coordinate that displays the major OH internal rotation dependence. It shifted approximately 5°d uring the torsion ͑from 107.352°in the trans conformer to 112.438°in the gauche geometries͒. With the OH internal rotation, the methyl group loses the C 3v symmetry and the central bond C1C2 increases from 1.504 094 Å ͑trans͒ up to 1.509 682 Å ͑gauche͒ for minimizing the steric interactions. Table II shows the vibrational kinetic parameters, the internal rotational barriers and potential parameters, and the rotational constants at the minima. The energy difference between the conformers (⌬H) has been calculated to be 18.8 cm
Ϫ1
, which is of an order of magnitude of the experimental data reported ͑41. 2 . All these structural data can be compared with the previous results performed with a shorter basis set. 24 Calculations achieved with a modest basis set invert the relative order of stabilities of the minima. 25 The current work was started using smaller basis set as cc-pVDZ and Aug-ccpVDZ. Although, it is unnecessary to detail the initial results, it may be remarked that the shortest basis set cc-pVDZ gives erroneously the gauche-conformer as the most stable geometry. It is well known that the cc-pVDZ basis set contains a large intramolecular superposition error. 37 The methyl torsion barrier V 3 trans and V 3 gauche have been evaluated to be 1226.7 cm Ϫ1 and 1296.3 cm Ϫ1 with MP4͑SDQT, full͒/cc-pVTZ/MP2͑full͒/cc-pVTZ, whereas the experimental values obtained in one dimension 11 11 It has to be remarked that the calculated and experimental trans-gauche barrier are in a very good agreement. The calculated V 3 (trans) and V 3 (gauche) are overestimated. As we wanted to evaluate the importance of the vibrational interactions between the two torsion modes, results obtained in one ͑1D͒ and two dimensions ͑2D͒, are compared. The 1D and 2D potential energy surfaces have been evaluated by fitting the energies of Table III . E(,␣) are the two-dimensional energies. They have been calculated by freezing two coordinates during the optimization of the geometry whereas the one-dimensional energies, E() and E(␣), have been evaluated by frozing only one variable. For this reason, the 1D and 2D selected conformations are not equivalent.
Our experience shows that the third and four order of the Möller-Plesset calculations do not significantly improve the MP2 geometries, and the energies have been determined at the MP4͑SDQT,full͒ level, whereas the geometries were optimized with MP2͑full͒/cc-pVTZ. The two-dimensional potential energy surface, V(,␣), was obtained with a least square fitting to Eq. ͑9͒ with the E(,␣) energies of 26 nuclear conformations selected using symmetry criteria. As is well known, the methyl group loses its ''static C 3v symmetry'' at the nonplanar conformations during the relaxation process, although the ''dynamical symmetry'' is preserved. In order to elude the static-dynamic symmetry dilemma the calculations have been performed for ϭ0°, 90°, 180°and Ϫ90°. 38 The hydroxyl torsion coordinate has been taken to be equal to ␣ϭ0°, 30°, 60°, 90°, 120°, 150°, and 180°. The reference structure (,␣)ϭ(0°,0°) is the trans-ethanol with the methyl group antieclipsed.
Three different one-dimensional surfaces may be determined. V trans () and V gauche () restrict the motion of the methyl group while the OH remains at the trans or gauche positions ͑see Fig. 2͒ . V(␣) hinders the hydroxyl group motion. In this case, the methyl group remains at the energy minimum ͑see Fig. 3͒ . The three functions obtained with a least square fitting of the one-dimensional energies of The two-dimensional potential energy surface is given in Fig. 4 The least square fit of the ab initio energies ͑Table III͒ produces a surface containing 23 terms. The description of the CH 3 and the OH torsion requires two and five independent terms at least. The sin sin products arise from the energy differences between pairs of nonplanar conformations where the torsional groups are rotated in the same and in different senses. We usually call ''gearing'' to this effect. 28 The cos cos terms appear from the variation of the methyl barriers with the hydroxyl torsion.
The kinetic parameters of the roto-vibrational Hamil- tonian have been determined with the KNP.F program. 35 For this purpose, the internal coordinates have been fitted to an adapted symmetry Fourier series to obtain the relations between the dependent and independent coordinates ͓Eq. ͑4͔͒. We omitted the inclusion of the pseudopotential function VЈ(,␣), the order of magnitude of which is 1 cm
, and will produce a very small improvement on the torsional levels. The relations ͓Eq. ͑4͔͒ between dependent and independent coordinates and the equations which defined the Cartesian coordinates as functions of the internal coordinates, are also omitted. Table IV shows the nondegenerate energy levels A i of ethanol-h 6 calculated variationally in one 1D and two dimensions ͑2D͒. They are labeled using the vibrational quanta numbers ͑v and vЈ͒ and the irreducible representations of the nonrigid group of ethanol. The 2D levels have been determined solving the Hamiltonian of Eq. ͑2͒. The 1D Hamiltonian operators are defined in Ref. 29 . As a consequence of the double minima, each gauche level splits in two subcomponents labeled as vЈ ϩ and vЈ Ϫ , vЈ represents a trans-level. The methyl barrier produces the splitting of each subcomponent in three microstates, one nondegenerate A i and two degenerate E i which energy difference is inappreciable. As result, nine microstates corresponding to the nine potential energy wells appear on the surface.
VI. ASSIGNMENTS
The torsional energies of the isotopic species CH 3 CH 2 OD ͑ethanol-d 1 ͒, CD 3 CH 2 OH ͑ethanol-d 3 ͒, CD 3 CD 2 OD ͑ethanol-d 6 ͒, and CH 3 CD 2 OH ͑ethanol-d 2 ͒ have been also calculated ͑Table V͒, although, only infrared experimental data are available for ethanol-d 1 . The evaluation of the levels of the remaining species, especially ethanol-d 3 , may help the assignments.
The two modes interact strongly making difficult the classification of the energy levels determined variationally. For this reason, two properties have been calculated for labeling the torsional states; the expectation values of the onedimensional Hamiltonian operators on the two-dimensional torsional functions and the probability integrals in the potential energy wells.
The expectation values permit the assignment of the energies to each torsional mode. They are calculated with the equations,
where B i represents the parameters B 11 or B 22 . i are the 2D torsional functions. The factor, fac1ϭ
is a measure ͑%͒ of the methyl torsion ͑mode number 1͒ in each of the two-dimensional calculations. If Fac1Ͼ60 and Fac1Ͻ40, the levels are assigned to the methyl and hydroxyl torsion, respectively. Levels with Fac1Ӎ50% are considered combination states.
The levels are classified as trans or gauche states by solving the probability integrals around the potential energy surface wells,
͑18͒
In ethanol-h 6 , the 2D zero vibrational ͑253.8 cm Ϫ1 ͒ splits into three subcomponents at 0.0, 25.5, and 28. , respectively. Experimentally, the values are 3.227 cm Ϫ1 ͑hydroge-nated͒ and 0.570 cm Ϫ1 ͑deuterated͒. 11 As V 3 is three times higher than the hydroxyl barriers, the splitting arising from the methyl torsion is very small. In the ethanol-h 6 vibrational ground state, the energy differences among methyl torsional components are of an order of magnitude of 10 Ϫ3 cm Ϫ1 . When (vvЈ)ϭ(2,0), they increase up to 10 Ϫ2 cm
Ϫ1
. As was expected, the size of the splittings is lower in the deuterated species.
It has to be remarked that the hydroxyl torsion behaves as an independent coordinate, whereas the methyl torsion is affected by the interactions. For example, the OH torsional levels ͑00͒, ͑01͒, and ͑02͒ have been calculated to be 0.0, 205.5, and 352.8 cm Ϫ1 in two dimensions, and to be 0.0, 205.8, and 351.4 cm Ϫ1 in one dimension. The values for the CH 3 torsion are not so accurate. An inconsistency appears from the flexible models employed in which the neglected vibrations are partially considered; the OH torsion seems to be independent on the CH 3 one, whereas the methyl torsion seems to be dependent on the OH one. To understand this, the two modes have to be considered as interacting. In the 1D calculations the second torsional mode is not absolutely neglected. Flexible models are more or less accurate depending on the interactions strength they have with the other amplitude modes. In ethanol, they appear to be optimal for the OH torsion because the differences between calculated and experimental values are small for the hydroxyl group, whereas the deformation coordinates of the methyl group appear to be poorly described.
The comparison of isotopic species levels clarifies the FIG. 5. The variation of the dipole moment and the atomic charges with the hydroxyl torsional coordinate. As is evident, the c-component of the dipole moment depends strongly on the hydroxyl torsion and slightly on the methyl torsional coordinate. It may be expected that the OH internal rotation transitions yield the largest intensities. Finally, we study independently the spectra of ethanol-h 6 , ethanol-d 1 , and ethanol-d 3 . It has to be pondered that the accuracy of the potential energy surface is not uniform. The credibility of the calculations is optimally close to the trans well and decreases in the gauche one. In addition, the calculated OH torsional levels are more accurate than the methyl torsion energies because the methyl rotation barriers are overestimated.
A. Ethanol-h 6
On the basis of previous measurements, 4, 6, 7 Durig and Larssen 11 have assigned the Q branches observed at 202.6, and the intensity is I A ϭ3.362ϫ10 Ϫ4 ͑see Fig. 6͒ .
B. Ethanol-d 1
The most intense bands of ethanol-d 1 coincide with those of ethanol-h 6 . The prominent (00→01) transition calculated at 171. 4 Ϫ1 , a combination band (10→11) has been found laying close to the OH fundamental torsion ͑see Fig. 7͒ .
C. Ethanol-d 3
To our knowledge, there is not experimental information available concerning ethanol-d 3 . However, we believe that the current predicted intensities and frequencies may help future interpretations on the basis of the isotopic substitution effects.
The differences in the intensities of the transitions connecting nondegenerate levels are lower than those of the E i levels arising form the statistical spin weights. The methyl torsion fundamental appears as a very intense band in comparison with ethanol-h 6 and -d 1 . The frequency is 189.4 cm Ϫ1 and the intensities are I A ϭ5.117ϫ10 Ϫ4 and I E ϭ7.441ϫ10 Ϫ4 . The torsional functions of the low energy levels assigned to the methyl mode show a relatively low Fac1 factor. The OH torsion contribution on this levels is Tables VI, VII, and VII show the predicted spectrum.
VII. CONCLUSIONS
The two torsional modes of ethanol interact strongly, although the 1D flexible model appears to be powerful enough for the determination of the OH frequencies. The MP4͑SDQT͒ calculations are accurate enough for describing the OH torsion around the trans-well. The gauche levels and the methyl torsional levels show errors of an order of magnitude of 10 
